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Sunmary

Four materials nodeling and simulation topics have been
reviewed. Dislocation nodeling shows significant progress
inusing the results of atom stic dislocation interaction
calculations as input to discrete dislocation nodels, which,
in turn, are now able to predict stress-strain

rel ati onshi ps. Atom stic nodels have now been used to
predi ct dynam c and m crostructural effects on fracture.
Conti nuum solidification nodels are now able to predict

m crostructural features. Plasticity nodels have been
formul ated that include dislocation and grain size

di stributions.

| ntroduction

The field of nodeling and sinulation in materials science
and engineering is extrenely broad and even for a single
year the nunber of papers published is in the thousands.
Since the field is so broad, | have chosen to limt the

di scussion in this review to four topics of great current
interest in materials science and engi neering: dislocations,
fracture, plasticity, and liquids. In these areas | have
chosen a very few papers that | feel are the nobst inportant
contributions. The connection between the four areas is

m crostructure, which is really the essence of materials
science and engineering. For netals and alloys both
solidification and deformation are instrunental in producing
m crostructure. 1In the case of solidification, it is the
nucl eati on and growth of the solid phase, while in
deformation, it is the notion, interaction, and trappi ng of
di sl ocations, that determnes the final mcrostructure. O
course, it is this very mcrostructure that controls the
fracture and plasticity behavior of these materials.

| have also limted this review to nodels of, what | call,
‘real’ materials, in contrast to nodel materials, because |
feel that the goal of conputational materials science and
engineering is the prediction of engineering materi al
properties. M definition of a ‘real’ material is a pure
nmetal or engineering alloy whose basic properties e.g.,

el astic noduli, cohesive energy, defect energetics, are
captured in the nodel. 1In contrast | consider a node
material as a generic entity, e.g., an FCC or BCC materi al
or a Lennard-Jones solid. 1In ny opinion calculations of



nodel materials, although useful for understandi ng general
mechani sms, will not lead to predictive nodels of conplex
materi al s.

In each of the topic areas the nodeling and sinul ation occur
at differing spatial scales e.g., atom stic nodeling at the
nm scal e, mcrostructural nodeling at the um scale, and

engi neering nodeling at the continuum |l evel. Throughout the
review!| will try to point out the connections between the
different size scales and how one set of cal cul ati ons can be
used at the next larger size scale to eventually develop a
predi ctive nodel of nechani cal behavi or.

Di sl ocati on nodel s and sinmul ati ons

Elasticity theory is an excellent representation of

di sl ocation interactions at distances greater than a few
Burgers vectors. Two and three dinensional elastic nodels
of nmultiple dislocations are nowrelatively easily

i npl enented on | arge conputers. However, as dislocations
approach each other, core overlap effects take place. In
order to quantify these effects, atom stic calculations are
necessary. The follow ng recent papers show how t hese
short-range atomi stic effects are incorporated into the

di sl ocati on dynam cs and al so how the atom stic effects are
cal cul at ed.

Rhee et al. [**1] have devel oped nodel s of short-range
processes e.g., dislocation annihilation, formation of jogs,
junctions, and dipoles, and of cross slip. The bases of

t hese short-range interaction nodels are critical force or
angle criteria. The cross slip nodel is probabilistic and
is based on thermal activation. They have inplenented these
nodels in a 3-D dislocation dynam cs code and have
calculated the stage | stress-strain behavior of Ta.
Calculations up to a few tenths of a percent strain are
presented. The rate and tenperature effects of the flow
stress are captured through the dislocation nmobility. They
find that the flow stress varies approximately as the

i nverse square root of the nobility.

Fivel et al. [2] have applied their 3-D dislocation dynam cs
nodel to the prediction of plastic zone behavior in Cu
during indentation. Since the exact dislocation nucleation
behavi or under the indenter is not known, this work uses the
experinmental |oad-displacenent curve to control nucleation.
Geonetrically necessary dislocation | oops are generated to
accomodat e the i nposed plastic displacenment of the
indentation tip. The predicted dislocation mcrostructure
after an indentation of 50 nmis conpared to experinent.
Bot h the shape and extent of the dislocations are in good
agreenent with the experinental TEM m crographs.



Baskes et al.[3] investigated the effects of stress on a
Lonmer-Cottrell lock (LCL) formed fromthe intersection of
two parallel lattice dislocations. Using an EAM potenti a
[4,5] that represents the properties of NI extrenely well,
they discovered that in a constrained geonetry the LCL
responds to uniaxial stress by three transitions. The
initial configuration of the LCL consists of two Shockl ey
partial dislocations and a stair rod dislocation. The
spaci ng of these dislocations fromatom stics agrees
extrenmely well with elasticity theory. The first transition
occurs at 2.3%strain when one partial dislocation noves
through the stair rod dislocation producing extrinsic
stacking fault. At 4.8%strain a new partial dislocation is
emtted fromthe stair rod. This partial follows the notion
of the first partial turning the extrinsic fault into
intrinsic fault. Finally at 6% strain the second initial
partial noves through the stair rod, carrying with it

anot her new partial dislocation |eaving a region of both
intrinsic and extrinsic stacking fault. The final
configuration is an inversion of the initial one. Al of
the transitions are irreversible. These cal cul ati ons show
that LCL evolution is extrenely conplicated, leading to

di sl ocati on and stacking fault generation.

Duesbery [6] used a Finnis/Sinclair potential [7] for Cu [8]
to investigate cross-slip. He finds that the classi cal
nodel of cross-slip, which assunes that an extended

di sl ocation cannot leave its slip plane until it is fully
constricted, is incorrect. The atom stics show that cross-
slip is possible at any partial dislocation separation if
the driving stress is |large enough. The cal cul ated stress
for cross-slip for a fully constricted (unconstricted)
dislocation is 0.023 (0.06) of the shear nodulus. These
stresses are equivalent to the strains cal cul ated by Baskes
et al.[3] for the LCL transitions discussed above.

Fracture sinul ations

Fracture at the continuumlevel is traditionally described
by linear elastic fracture nechanics. However crack tip
processes, which occur at an atomc |level, are inportant in
determ ning tradeoffs between brittle and ductile behavi or
or high strain rate effects. The next set of papers
addresses these issues.

MIller et al. [**9] have applied the quasiconti nuum nodel
[10] to the fracture of Ni. This nodel treats atons at a
crack tip or dislocation core through EAM [ 11] interactions,
but atons in a honobgeneous environnment are |unped together
to reduce the nunmber of degrees of freedomthat nust be

considered. In this work both a crack in a single crystal
and near a grain boundary were studied. 1In the single
crystal two orientations were presented in node | | oading,

one which failed in a brittle manner by cl eavage and one



which emtted dislocations. The results were conpared to
the unstable stacking fault nodel of Rice [12]. The R ce
nodel predicts dislocation emssion in both orientations, in
contrast with the atomstic calculation, and in the ductile
orientation, underestinmates the energy rel ease rate by 50%
For a crack near a grain boundary a nunber of interesting
def ormati on nechani snms were found: the grain boundary noves
toward the crack as it approaches; dislocations are emtted
fromthe grain boundary; and the crack is arrested by the
boundary | eading to grain boundary sliding.

Ludw g and Gunbsch [*13] have studied the effect of |oading
conditions on fracture in NN Al (B2) using EAM potenti al s
[14]. In these cal culations the FEAt technique [15] is used
to provide the boundary conditions for the atom stic region.
By | ooking at a nunber of orientations and | oadi ng

condi tions, the authors conclude that perfect cleavage
occurs on only the {110} crack plane in agreenment with
experinment. The calculated critical stress intensity factor
of 0.7 MPa ni'? is about a factor of five snmaller than
experinment. Only em ssion of <001>{110} di sl ocations was
observed. This em ssion occurred at a constant applied
shear stress intensity on the glide plane. 1In contrast to
the case of NI above, the dislocation emssion criterionis
in good agreenent with the R ce nodel [12] perhaps due to
the specific orientations studied here. For the (001)[100]
crack systema zig-zag crack path with surface energy higher
than (001) is found. This result is in apparent conflict
with the results of Farkas [16] who, using an EAM potenti al
[17] in the sane orientation, found that 1/2<111>(10-1)

di slocations were emtted fromthe crack tip. These

di sl ocations stayed in the vicinity of the crack tip and
facilitated crack branching and cl eavage al ong {101} pl anes.
These effects occur at stress intensities considerably

hi gher than those investigated by Ludwi g and Gunbsch [*13]
presumably due to the higher (110) surface energy in the
potentials used by Farkas.

Machova and Ackl and [ 18] studied node | inpact |oading of a
mcro-crack in Fe using a Finnis-Sinclair potential [19].
Large nodels in a 2-D geonetry are used to elimnate the
probl em of wave reflection from boundaries. The results
indicate that mcro-crack initiation can be treated
according to linear fracture nechanics concepts. Due to the
shock | oadi ng, crack extension occurs at stresses greater
than about half of the Giffith stress. The dom nant
process at the growing crack tip is found to be transient
twn formation. As the crack proceeds these twns are
destroyed and crack-tip shielding dislocations appear at |ow
crack velocities. At higher velocities the twins are again
generated. In general it seens that dislocation formation
is favored at low strain rates while twin formation is
favored at high strain rates.



Plasticity nodeling

The plastic behavior of netals is an inportant phenonenon in
materials science and engineering. Typically nodeling in
this area has been very enmpirical with little connection to
m crostructural concepts. Fortunately the field is changing
rapidly with connection to material mcrostructure and
realistic mcro-nechanical nodels becomi ng nore cormon. The
foll ow ng two papers show how mi crostructural features may
be incorporated into plasticity nodels.

Estrin et al. [*20] have devel oped a di sl ocati on-based nodel
of large strain deformation of cell formng materials. The
nodel is based on the m crostructural concept of dislocation
cell formation [21], which produces a non-uniform

di sl ocation distribution |ocalized in the cell walls. The
nodel is applied to torsion in Cu. This unified nodel
reproduces stage |I1-V strain hardening. Both strain rate
and tenperature effects on hardening and di sl ocation
densities are in agreenment with experinment. In contrast to
previ ous assunptions, the dislocation density in the cel
interiors was not zero, but small, a factor of 10-35 | ower
than in the cell walls. The experinentally observed
decrease in the volunme fraction of cell wall with strain was
found to be inportant in stage |IV-V hardening.

Masumura et al. [22] devel oped a phenonenol ogi cal

m crostructural based nodel of yield stress for ultra-fine
grained material. The nodel included a conplete grain size
distribution, rather than only the average grain size.

Smal | grains defornmed by the Coble creep nmechanism while

| ar ge grai ns obeyed the classical Hall-Petch relationship,
i.e., dislocation glide plasticity. A critical grain size
characterized the switch between the two nechanisns. The
five paranmeter nodel was able to fit the yield stress
behavi or of nanocrystalline Cu and N P.

Modeling of liquids and solid/liquid interfaces
Solidification is one of the nost inportant phenonena in
material s science and engi neering. For exanple, it is
critical in joining processes (welding, soldering, and
brazing) and casting. The solidification mcrostructure
starts the evolution towards the final mcrostructure,

whi ch, in turn, determ nes nechani cal properties.
Phenonenol ogi cal nodel s are frequently used to predict
solidification mcrostructures. A key to these nodels is the
avai lability of accurate thernodynam c and ki netic data.
Frequently experinental data is unavail abl e or unobtai nabl e.
Conmput ations are now beginning to play a role in devel opi ng
a data base of properties for netals and all oys.

Warren et al. [**23] have devel oped a phenonenol ogi cal nodel
of the spreading of a liquid alloy on a netal substrate.
Their nodel includes dissolution of the substrate, but not



internetallic formation. The nodel predicts the dynam cs of
t he spreadi ng process, including the triple junction

vel ocity, the shape of the liquid drop, and the
concentration profile in the liquid. Most inportantly, the
di ffusi on boundary conditions determne the triple point
notion; no additional law of notion is required. The nodel
shows that at early tinmes the driving force in the systemis
dom nated by dissolution gradients (liquid thernodynam cs)
while at long tinmes the driving force is controlled by
curvature gradients (solid-liquid interfacial energy).

Zhao et al. [24] devel oped a nodel for the prediction of the
m crostructure of a hypernonotectic alloy as it is cool ed
through the mscibility gap. The nodel includes both

nucl eati on and di ffusional growh in the |iquid.

Predictions of the nodel include the nunber density of
droplets and their size distribution as a function of
cooling rate and all oy conposition.

Provatas et al. [25] have devel oped an efficient adaptive
mesh refinenment nethod for phase field nodels of dendritic
growt h. Using nesh refinenent of 2', results are presented
for undercooling as low as 0.1. This nmethod seens to have
prom se for allow ng phase field cal cul ati ons under
experinentally rel evant conditions.

Sasi kumar et al. [*26] have devel oped a sinple nodel of
dendrite growth in binary alloys that presents an
alternative to the phase field nodel [27]. The node
assunes that the solid-liquid interface notion is driven by
solute gradients and not by tenperature gradients.
Furthernore they ignore diffusion in the solid. They
present dendrite mcrostructures that appear to represent
features of actual dendrites. The nodel predicts that the
fraction of solid in the dendritic structure is al nost
identical to that predicted by the Scheil equation. The
authors claimthat their nodel is capable of sinulating a
much | arger range of cooling rate, undercooling, and grain
size than the phase field nodel

Al emany et al. [*28] have used atom stic MD cal cul ations
with an EAM potential [29] to cal culate transport properties
of Ni. Calculations were perforned at two tenperatures. The
liquid diffusivity was found to be 3.5x10° nf/s at 1775 K
and increased slightly to 4.3x10° nf/s at 1875 K. No
experinmental data was avail able for conparison, but these
diffusivities are very simlar to those nmeasured in other
liquid netals, e.g., Al-Cu or Al-Si alloys. The shear
viscosity was calculated to be 4.6(3.7) nmNs/nf at 1775(1875)
K in excellent agreenent with experinment 5.0(4.1). These
cal cul ati ons show that atom stic cal cul ations are now at the
poi nt where reasonably accurate transport and thernodynam c
properties of alloys can be predicted.



Concl usi ons

Model i ng and sinulation of nmaterials at the atom stic,

m crostructural, and continuum|evels continue to show
progress, but prediction of nechanical properties of
engineering materials is still a vision of the future. Mre
often than not, engineering nodels, based on mcrostructural
mechani snms, continue to be devel oped. Unfortunately, in
order to gain conputational efficiency, the sub-nodels are
frequently sinplified, sonmetines so far that they do not
capture the basic physics of the mcro-nmechanism In
addition sinplification renoves the connection to

cal cul ati on of nodel paraneters at a smaller |ength scale.

The paper by Rhee et al. [**1] sets a nice tenplate for how
predictive materials nodeling can be acconplished. The
authors formul ate a nunber of ‘rules’ that the dislocations
obey. Quantitative calculation of the ‘rules’ is now
possi bl e using atom stics and nodern potentials. Using
these ‘rules’ they are able to calculate the response of
their multi-dislocation material to applied stress in stage
| of deformation. Following this tenplate, the continuum
plasticity community shoul d devel op such a series of ‘rules’
to be used in stage Il-V deformation that could be

cal cul ated by the 3-D dislocation dynam cs conmunity or
obtained fromexperinment. These ‘rules’ would be conpl ex,
covering the interactions of groups of dislocations of
various character. The object of the rules would be the
connection of discrete dislocations to a spatially varying
di sl ocation density nodel simlar to that Estrin et al

[*20] and finally to a cell based nodel. |[If this process
were acconplished, | believe that we would have a predictive
nodel of plasticity.
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